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Orientations of Liquid Crystals on Mechanically 
Rubbed Films of Bovine Serum Albumin: A Possible 
Substrate for Biomolecular Assays Based on Liquid 
Crystals 

Seung-Ryeol Kim, Rahul R. Shah, and Nicholas L Abbott* 

Department of Chemical Engineering, University of Wisconsin, Madison, 1415 Engineering Drive, Madison, Wisconsin 53705 



We report the uniform planar anchoring of thermotropic 
liquid crystals on films of bovine serum albumin (BSA) 
covalently immobilized on the surface of glass microscope 
slides and mechanically rubbed using a cloth. The azi- 
muthal orientations of the liquid crystals were measured 
to be parallel to the direction of rubbing. Following 
immersion and removal of these rubbed films of BSA from 
aqueous solutions containing either BSA, fibrinogen, 
lysozyme, anti-FITC immunoglobulin G (IgG), or anti- 
streptavidin IgG, we measured liquid crystals placed onto 
these surfaces to largely retain their uniform alignment. 
In contrast, following immersion of a rubbed film of BSA 
into an aqueous solution of anti-BSA IgG, we observed 
liquid crystals on these surfaces to assume nonuniform 
orientations. We conclude that specific binding of anti- 
BSA IgG to the film of rubbed BSA erased anisotropy 
induced within the film of BSA by rubbing. This result 
suggests that the spatial scale of anisotropy within the 
rubbed film of BSA is comparable to or smaller than the 
size of the IgG molecule. Because the anisotropy within a 
rubbed film of a protein can be erased by specific binding 
of a second protein, we believe these types of substrates 
(rubbed films of proteins) have the potential to be useful 
in a variety of label-free biomolecular assays where 
specific binding of a target species to its ligand can be 
imaged through observation of the optical appearance of 
liquid crystal placed onto the surface. 

We have recently reported that liquid crystals can be used to 
amplify and transduce the receptor-mediated binding of proteins 
at surfaces into optical outputs. 1 By hosting ligands for specific 
proteins on appropriately designed surfaces, we have demon- 
< - ' >< ling of target proteins to the ligands can trigger 
changes in the orientations of 2-20- 1 «m-thick films of supported 

" ' i i i ' u t < J I I ,r \- 

can be readily observed by using polarized light. This approach 
(i) permits imaging of region-specific binding of proteins to 
j • i < , , i 
oes not require the use of enzymatic or fluorescent 

labels Phi n i \ L 
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optical appearance of the liquid crystals can be used to detect 
threshold amounts of proteins whereas gray scale analyses of the 
optical appearance can yield quantitatively measures of the amount 
of bound protein. 2 

Past studies of the use of liquid crystals to amplify biomolecular 
interactions on surfaces have exploited the nanometer-scale 
structure of self-assembled monolayers (SAMs) of co-functionalized 
alkanethiols formed on obliquely deposited films of gold. 1 " 9 
Although the self-assembly of organosulfur compounds on the 
surfaces of films of gold permits a high level of control over the 
structure of the surface, this approach requires access to an 
ultrahigh-vacuum chamber for deposition of the gold films. This 
requirement is a potential barrier to the widespread use of the 
principle in biochemical laboratories. In this paper, we describe 
a procedure that permits the preparation of substrates for liquid 
crystal-based biomolecular assays that does not require access 
to apparatus beyond that commonly found in wet chemical 
laboratories. The approach we report is based on the formation 
of films of protein covalently attached to the surface of glass 
microscope slides and the rubbing of these films by using a 
modified chart recorder. Covalent immobilization of the protein 

' ( ' ' 1 I ( S ll 

rubbing of the films leads to an anisotropic surface structure useful 
for liquid crystal assays. 11 ^ 13 Here we demonstrate this method 
of preparation of protein films to lead to surfaces that possess 
four essential properties required for biomolecular assays based 
on liquid crystals. First, the rubbed films of protein uniformly 
orient liquid crystals. Second, the rubbed substrates resist the 
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nonspecific adsorption of proteins from solution. Third, the nibbed 
..'.in u, ,s in solution. 

) the targeted molecules to the rubbed 
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^ I Jo|i n-4 — (C) Coupling with BSA 

Figure 1. Experimental procedure used to covalently immobilize 
BSA onto the surfaces of glass microscope slides: (A) reaction of 
the ethoxy groups of APES with hydroxyl groups presented at the 
surface of the glass slide to form a siloxane bond; (B) activation of 
the aminopropylated substrate by reaction with the homobifunctional 
cross-linker (DSS); (C) reaction of the free succinimide ester groups 
of the activated substrate with the amine residues of BSA. 
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Protein Adsorpt,o> 
specifit binding of \ i , > K , h 
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of proteins (pH 7.2) for 2 h. We used solutions of 100 nM (0.01 
- 1 ,i i utim IgG and anti-FITC 

IgG), 10 mg/mL BSA, and 0.2 mg/mL fur eg ,v,/,. 
The subsootres were- rinsed oofb dioooi/eo wa;e> deed under 



1 . substrate 

2. modified strip chart recorder 

3. velvet-type polyester cloth 

4. aluminum block 

5. barrier 

6. double-sided tape 

7. chart paper 

Figure 2. Schematic illustration of the experimental apparatus used 
to rub films of covalently immobilized BSA. Each film of BSA was 
immobilized on a substrate (see Figure 1 ) and placed onto the surface 
of chart paper on a modified chart recorder. A velvet-type cloth was 
attached to the base of an aluminum block and placed onto the 
surface of the film of BSA. The motion of the substrate under the 
aluminum block caused the film of BSA to be rubbed by the cloth. 
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RESULTS AND DISCUSSION 

Rubbed Films of Physically Adsorbed BSA, It is well known 
that BSA will adsorb to hydrophobic substrates immersed in 
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Figure 3. Optica! textures of nematic 5CB (crossed polarizers) sandwiched between glass microscope slides supporting films of BSA. The 
optical textures were obtained (A) before and (B) after rubbing of the films of BSA. The direction of rubbing was parallel to the polarizer. The 
optical texture shown in (C) was obtained after rotation of the cell in (B) by 45°. The image in (D) was obtained using the sample shown in (C) 
following insertion of a quarter-wave plate into the optical path. The white arrows indicates the rubbing direction, and the red arrows indicate the 
optical axis of quarter-wave plate (Normarski prism, 147.3 nm) with the high refractive index (i.e., slow axis). The horizontal dimension of each 
sample shown is 550 fim. 



liquid crystals of 5CB align on these surfaces in a direction that 
is parallel to the direction of rubbing of the BSA film. We also 
measured the out-of-plane orientation (tilt angle) of 5CB supported 
on rubbed films of BSA. By using the crystal rotation apparatus 
(see details in Experimental Section) , we measured the tilt angle 
of the optical axis of 5CB from the plane containing the rubbed 
BSA layer to be 1.5 ± 0.5°. 

When rotated between crossed polarizers, the optical appear- 
ance of 5CB anchored between the rubbed films of BSA was 
observed to modulate between dark (Figure 3B) and light (Figure 
3C) . The liquid crysi i i she optical axis of the 

nematic phase aligns with either the polarizer or the analyzer. 
We used measurements of the modulation of the intensity of light 
transmitter! through the < ;;! rr-li kkirtp; its r,r.u.,n ks qusjikky 
the uniformity of alignment of the liquid crystals. As detailed in 
the Experimental Section, we quantified these measurements in 
terms of a fractional transmittance. We measured a strong 
moduhfiuti m the fractional tiansnuttdnto cf , .. 
crystal was supported on the rubbed film (Figure 4). In contrast, 
little modulation, if any, in the fractional transmittance was 
measured during rotation of the liquid crystal supported on the 
film of BSA that had not been rubbed (Figure 4). 

i ^ ' <mts when combined, lead us to conclude 

that rubbed films of chemically immobilized BSA induce "uniform" 
a ltd "pis.n.ir' dr'CT.L.rim.; ui ru-rettee phases of 5CB in a direction 
t j i ction 

Orientations of 5CB on Rubbed Glass and PTFE Follow- 
ing Their Immersion into Aqueous Solutions of Proteins. 

v surfs have bt 1 

i i r ik su , ' > 

ev< • nonspecific adsorption of proteins on most of these 
surfaces would be sufficient 1\ high that the uniform orientation 
'\ v rt r ne adsorbed proteins. 

To test this prediction, we investigated the influence of nonspecific 
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angle between the direction of rubbing and the polarizer (open circles). 
For comparison, the fraction of light transmitted through a film of 5CB 
supported on a BSA film prior to rubbing is shown (filled circles). All 
fractional transmittances were obtained using one field of view of the 
liquid crystal. 



adsorption of proteins on rubbed hydroph'lr • ' 
supporting a deliberately adsorbed film of polymer) and hydro- 
phobic PTFE films that were shear-deposited onto the surface of 
glass slides. 24 As shown in Figure 5A and C, we observed uniform 
alignment of 5CB on the rubbed glass slides and the shear- 
deposited PTFE films prior to immersion into aqueous 
of BSA. However, after immersion and withdrawal of both types 
» i i taming 0.1 mg/mL BSA, 
.'< i k r , be nonuniform 

on both surfaces (Figure 5B and D). This result indicates that 
the level of nonspecific adsorption of BSA on these rubbed 
surfaces was sufficient to mask the anisotropy induct 
surface by the process of rubbing. We draw two t 1 inclusii , 



4650 Analytical Chemistry, Vol. 72, No. 19. October 1, 2000 



— I »» Polarizer 
Analyzer 



Figure 5. Optical textures (crossed polarizers) of 5CB sandwiched between rubbed glass slides (A, B) and between PTFE-rubbed glass 
slides (C, D). The optical textures were obtained before (A, C) and after immersion in 0.1 mg/ml BSA solution in PBS buffer (pH 7.2) for 2 h (B, 
D). The direction of rubbing was parallel to the polarizer. The white arrow indicates the rubbing direction. The horizontal dimension of each 
sample shown is 1.1 mm. 



i ii i results 1 i .1 i. >U hi of nonspecific dCisnrprioi; of 

on these surfaces wj p, > i 1 - 

lecular assays that are based on liquid crystals because the 
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proteins to the surfaces. Second, this result suggests that a rubbed 

surface that does resist nonspecific adsorption may well be useful 

for biomolecular assays based on liquid crystals because the 

adsorption of proteins to these surfaces can erase the anisotropic 

structure within the rubbed surface that orients liquid crystals 

uniformly. 

Orientations of 5CB on Rubbed Films of BSA Following 
Their Immersion into Solutions Containing Nonspecific 
Proteins. Whereas the rubbed glass microscope slides and films 
of PTFE described above do not resist nonspecific adsorption of 
BSA at levels that lead to uniform alignment of liquid crystals, 
we next investigated whether the rubbed films of BSA, in contrast, 
would retain I' i j . i t 

would yield uniform alignment of 5CB following immersion in 
protein solutions. Figure 6A shows the optical texture of 5CB 

upl I ' .!."-' ' A ' 

immersion of the rubbed film in an aqueous solution containing 
10 mg/mL of BSA. When compared with the appearance of the 
in sial on the rubbed film of BSA shown in Figure 3B, the 
i ipp^arance of the liquid crystal is changed little by 
immersion of the rubbed film of BSA into the solution of BSA. 
This result contrasts to the optical appearance of the liquid crystals 
on the rubbed films of PTFE and glass following immersion in 
. ids solution of BSA (Figure 5B and D). We measured 
the ellipsometric thicknesses of films of BSA with and without 
rubbing after immersion in the solution of BSA (Table 2). 
I ' % i' - ' 

of BSA (not rubbed) does not adsorb a measurable amount of 
s solution 

1 " M J , " ^ > . ' , ! 

■ d layer of BSA is measured to adsorb —14 A of BSA. We 
therefoi that the level of nonspecific adsorption of BSA 
is greater on the rubbed film of BSA as compared to the film of 



BSA that was not rubbed. The level of additional adsorption of 
BSA on the rubbed film of BSA, however, was insufficient to 
disrupt the uniform anchoring of the liquid crystals. As shown 
below, this result contrasts with the effects of specific binding of 
anti-BSA IgG to rubbed films of BSA (Figure 6D). In this latter 
case, we observed the specific binding of anti-BSA IgG to trigger 
the nonuniform anchoring of liquid crystals on the rubbed film 
of BSA (see below). 

We also investigated the optical appearance of 5CB anchored 
on rubbed films of BSA that were immersed and withdrawn from 
aqueous solutions containing fibrinogen and lysozyme. Whereas 
immersion of a rubbed film of BSA into an aqueous solution of 
lysozyme resulted in a uniform orientation of the liquid crystal, a 
number of defects (loop disclinations) appeared in the optical 
textures of liquid crystals supported on films of rubbed BSA 
i into fibrinogen. Although defects were evident in the 
optical appearance of the liquid crystal supported on the film 
immersed into the solution of fibrinogen, the bulk of the liquid 
crystals remains uniformly oriented. Below we quantify the level 
of nonuniformity induced by adsorption of fibrinogen (by mea- 
surement of fractional transmittance) and show it is clearly 
distinguishable from the appearance of liquid crystal in cases 
where anti-BSA IgG binds specifically to the rubbed film of BSA 
i . . ' i ( n , t . 

supported on the rubbed BSA previously immersed into aqueous 
solutions of BSA (Figure 6A) and fibrinogen (Figure 6C) differs 
from one another, our measurements of the ellipsometric thick- 
ness of nonspecifically adsorbed BSA and fibrinogen reveal very 
similar levels of adsorption (Table 2) This r 
that liquid crystals can distinguish between type; of adsorl d 
protein layers that are indistinguishable when characterized by 
ii, <- _ .i i-> ". j < ilic adsorption 

of fibrinogen (~15 A) was measured on films of BSA, independent 
of whether the film was rubbed. 

We also measured the tilt angles of 5CB after no: i 
adsorption of BSA and fibrinogen on the rubbed films of BSA. 
We measured the tilt angles to be 3.8 ± 0.8° and 3.5 ± 0.5* for 
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Figure 6. Optical images (crossed polarizers) of 5CB sandwiched between rubbed films of BSA after incubation of the films in aqueous 
solutions of proteins: (A) 10 mg/mL BSA, (B) 0.2 mg/mL lysozyme, and (C) 0.2 mg/mL fibrinogen solutions in PBS for 2 h, and 100 nM IgG 
solutions in PBS of (D) anti-BSA IgG, (E) anti-FITC IgG, and (F) anti-streptavidin IgG for 2 h. The white arrow indicates the rubbing direction. 
The optical images were obtained when the samples were placed in the parallel direction with the polarizer. The horizontal dimension of each 



Table 2. Ellipsometric Thicknesses of Proteins 
Adsorbed onto Covaiently Immobilized Films of BSA 

increase in thickness due to 
protein adsorption, A 



protein (concentration) not rubbed rubbed BSA film 

BSA (10 mg/mL) 1 ± 4 14 ± 3 

fibrinogen (0.2 mg/mL) 1 7 ± 4 14 ± 7 

lysozyme (0.2 mg/mL) 10 ± 4 1 2 ± 4 

anti-BSA IgG (100 nM)" 46 ± 4 38 ± 4 

anti-FITC IgG (100 nM) 5 ± 1 7 ± 1 

anti-streptavidin IgG (100 nM) 2 ± 1 2 ± 1 



" 100 nM of anti-BSA IgG corresponds to 0.015 mg/mL. 



BSA and fibrinogen, respectively. As described above, the tilt of 
the liquid crystals was 1.5 ± 0.5° prior to immersion of the rubbed 
films of BSA into aqueous solutions of BSA or fibrinogen. This 
j - siijij'cs^, liia! :ii;risp;TuV , _ rise i a i' 
change (2° or less) in thi ! ->,,'> 

' ■ that rubbed films of covaiently immobilized BSA limit 
the nonspet fu ■ , ruteuis tc levels that largely sustain 
r i i • c 4 5CB in a direction that is parallel 

1 ! ^ 

Orientation of 5CB Following Specific Binding of Anti- 
BSA IgG to Rubbed Films of BSA. The results above establish 
i -d BSA can uniformly 




Angle from Polarizer, degree 

Figure 7. Fraction of light transmitted through nematic 5CB 
anchored on the surfaces of rubbed films of BSA after immersion of 
the films into various protein solutions. The transmittance is shown 
as a function of the angle between the direction of rubbing and 
polarizer (crossed polarizers). The rubbed films of immobilized BSA 
were incubated in 10 mg/mL BSA (filled circles) and 0.2 mg/mL 
fibrinogen (open squares) solutions in PBS buffer for 2 h or in 100 
nM anti-BSA IgG (filled squares) and 100 nM anti-FITC IgG (open 
triangles) solutions in PBS buffer for 2 h. For reference, the fractional 
transmittance of 5CB on a rubbed film of immobilized BSA prior to 
immersion into a protein solution was measured (open circles). Each 
measurement is based on one field of view of the liquid crystal. 



orient liquid crystals before ami - , > 

solutions of proteins that do not have specific interact n 
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Table 3. Fraction of Light Transmitted through Liquid Crystals Anchored on Rubbed Films of Covalently 

a. .d BSA 



,> 1 < I (eOoa'OOSiOoie 



0.49 ± 0,02 0.02 ± 0.01 

0.34 ± 0.04 0.23 ±. 0.02 

0.27 ±0.02 0.19 ±0.04 

0.58 ± 0.06 0.01 ± 0.01 

0.57 ± 0.01 0.03 ± 0.01 

1 d i ssed polarizers after imm< i oi ohh no > d 

t I 1 I , . , 1 ,! ,! 

I 111,1 I 

' > . I ' v [i 

■ , : •>•',, i n ... 

urn-:,, >,!i;<K in .1 eePeea Be ,.i ;UW! u ( oi;i/; •(! B's\ not :oaB-,oi ;! Ks.ie aenoeivai eeo .1 poaean solution. 'The Uat 

1 H I O I > i Ill) 1,^ lllL. 



the BSA, Here we report the specific binding of a protein to a 
rubbed film of BSA and the com* . , ' , • :idmg on the 

1 Ml I ^ I 1 ,1 11 | II 

cova v no m BSA into a solution of aqueous PBS 
> ^ f'iE n i .'1 >wmg the withdrawal of 
the rubbed film of BSA from an and BSA IgG solution, we 
1 1 t ^ ■ iii i 1 , 1 i 1 11 ^ 

nominifoim (Figure 01 B 1 i < ' 1 vuen crossed 

,111 , i < 1 ' > i' i mi 

of light transmitted th oi i il - ipii (Figure 7) In contrast, 
following the withdrawal of rubbed Alms of BSA from aqueous 
- > i i i i 1 !,>(> and anti- 

^ i i i i \ t hi if > i 1 1 v -i I 

to be uniform and pBi,n il ipoc ( and F). We conclude, 

f i Mii speeds i a! Bin eOoBBA • la'asail ' 

nnisonopn sn'oooue oi <<<<' o.BfneB Mia oi BSA respoaaOOo f:a 
the uniform alignment of liquid crystals. 

We also |H < i i ) ' o i* 

of binding of IgGs to rubbed films of BSA (Table 2). We measured 
the extent of specific binding of ami BSA IgG on both rubbed 
and ttnrur-1 < u \i - " ..• 14, (~40A).In 

i I ! « - was 

1 , 1 i f iii 1 > T 1 ■> ,1 > 11s of ellipso- 

id ■ >'!.,"■ ■ h,i, . aianluMoa - 1 , , , 
«' I ' \ ( 1 iii.' Hi " \ closes the anisotropic 
,:ti!i,:iniv of 010 BSA iiiiii thai Has innoeoB !>•, -uhbjn:; and mas 
leads to mmw. !< ' op < < > u ciystak 

Quantitative Analysis of the Optical Appearance of 5CB 



baaa a .... 




differences in the optical response of the liquid crystals induced 
bv spoons eeoe,Bpe of aiaa BSA one nonspecific landing ev.aris. 
In particular, we point, out that the rubbed film of BSA immersed 



into an aqueous solut 1 1 t 1 . htnng visible 
defects 111 t! 1 . 1 1 -> s »cs an optical 
1 spnn 1 < 1 1 I 1 ponse of the 

film of BSA on which anti-BSA IgG was specifically bound. Table 
3 summarizes the results shown in Figure 7 in terms of a 
in n • I -1, . /' 1 1.1, mated horn the maximum 
1' ) mil in mi in (/ 1 t ih 1 s ,! t I i if i nansmittance 
during rotation of the sample between crossed polarizers. The 
value of li-nax 4-tmJ ' , corresponding to specific binding of 
anti-BSA IgG was -0.33, whereas all other samples (nonspecific 

I ni i possessed 1 of ;he 11 1 were "leaser 1 
0.84. In particular, we point out that the value of 14iax - 4iinJ/ 
/ lo 1 1 1 c > i' H i, >s 11 1 , 1 1 ue measured 
on the rubbed film of BSA not subsequently immersion into a 
protein solution (—0.94) than rubbed BSA to which anti-BSA IgG 
was specifically bound (~0.33). 

CONCLUSIONS 

A 1 1 ^mobilized 

II s 1 iii mid crystals 
ureioreaA. lesisi Ronspeeiie adsorption of piwins from aqueous 
omenns .a. ■ is Baa .•;■(■ aUea ; e.ai to ovariioai lo'efosem s!pjr.iencir» 
of 1 ,1 one 00 posaesa , a >>e ( i 

1 ni,o I;'' oseBii as substrates on 01, .pi 1 I 

1 ' , u, m up 
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